Noncontact anterior cruciate ligament (ACL) injuries are common in sports that require rapid deceleration or quick changes in direction such as landing from a jump or cutting. [1] [2] [3] [4] An interaction among several factors leaves females more likely to experience a noncontact ACL injury compared with males competing in similar sports. 5, 6 Females tend to perform single leg landings with a more extended knee 7, 8 and hip 5 and with more valgus motion at the knee 9,10 than do males. In addition, females may to use their quadriceps muscles more and their hamstrings muscles less while landing. 5 These biomechanical and neuromuscular differences may create an environment where females may be more likely to experience excessive ACL loading while performing athletic tasks.
External joint moments describe rotary forces presented to a joint and help explain the general muscular contribution to force attenuation during activity. Females exhibited different lower extremity joint moments compared with males while walking, 11 running, 12 and while performing a single-leg landing from a drop jump. 13, 14 A single-leg landing from a forward jump is intended to simulate an activity while playing soccer and may require a lower extremity neuromuscular landing strategy that may more closely resemble the landings experienced while playing soccer. Gender comparisons in lower extremity joint kinetics during decelerations, common in athletic activities, between trained male and female athletes participating in a sport that is considered "high risk" for noncontact ACL injuries 1, [3] [4] [5] may help explain the gender bias in noncontact ACL injury rates. Despite the large amount of research regarding differences in landing biomechanics between males and females, none have reported lower extremity joint kinetics during single leg landings from a forward jump between elite male and female soccer athletes. Therefore, the current study aims to compare gender differences in landing biomechanics in elite soccer players while performing a task commonly experienced while playing soccer. The information from this study may improve the understanding of lower extremity biomechanics between males and females by controlling for sport experience and level of competition. The purpose of this study was to compare lower extremity joint moments and joint angles between male and female college soccer athletes performing a single leg landing.
Methods
A 1 × 2 static comparison design was used in this study. The independent variable was gender. The dependent variables were normalized joint moments of the ankle, knee and hip in the sagittal (x), frontal (y), and transverse (z) planes. We calculated joint moments at initial heel contact during landing and the peak moment in each plane following heel contact. In total, we calculated 9 moments at heel contact and 18 peak moments following heel contact. This study was approved by our university's institutional review board.
Subjects
Eight male (age = 19.1 ± 1.4yr, mass = 77.1 ± 6.9kg, height = 182.9 ± 2.4cm) and eight female (age = 22.0 ± 2.1 yr, mass = 61.8 ± 3.2 kg, height = 168.6 ± 6.8 cm) Division I soccer players participated in this study. This cohort of varsity soccer players was a sample of convenience, so there was no a priori sample size estimation. Only 16 soccer players met all inclusion/exclusion criteria. Subjects had healthy knee ligaments and no recent lower extremity injury (within the past 6 months) nor any balance/vestibular problems that would make it difficult to complete the forward jump task. Subjects were all experienced, varsity athletes who were familiar with the athletic task they were asked to perform in this study. All study participants read and signed an informed consent from prior to data collection.
Instrumentation
A ten-camera motion analysis system (model 624 VICON Motion Systems, Inc., Lake Forest, CA) in conjunction with a multiaxis strain gauge forceplate (Model OR6-7, AMTI, Inc., Watertown, MA) was used to estimate 3-dimensional joint angles and external joint moments of the hip, knee, and ankle while subjects performed the single-leg landings from a forward jump. Force was sampled at 1080Hz and video was sampled at 120 Hz.
Procedure
We placed 16 retro-reflective markers to the subjects' lower extremity using the lower extremity plug-in-gait 15, 16 marker set-up. Reflective markers were placed bilaterally at the 2nd metatarsal head, calcaneous, lateral malleolus, lateral shank, lateral knee joint, lateral thigh, anterior superior iliac spine, and poster superior iliac spine. Subjects were given the opportunity to practice forward jumps until they were comfortable with the task. The forward jump is a single-leg take-off and landing that simulates the rapid deceleration that an athlete may encounter while participating in sports such as soccer. To perform the forward jump, subjects stood on their right leg immediately behind a line approximately 100 cm from the front edge of the forceplate. Subjects were instructed to jump from their right leg and land on the same leg, close to the center of the forceplate. We recorded lower extremity kinetic data from prior to take-off to after the subjects showed acceptable balance following the single leg landing, defined as subjects' ability to maintain single-leg balance after landing. If a subject was unable to maintain single leg balance after the forward jump landing, that trial was excluded. We decided a priori to exclude subjects if we had to discard five or more trials due to poor balance during the landing. No subject had to be excluded due to poor balance. We averaged the peak external joint moments from 5 trials for data analysis.
We used VICON workstation, version 5.0 (VICON motion systems, Inc., Lake Forest, CA) to calculate joint angles and external joint moments at the instant the subject's heel contacted the force plate as well as the peak joint moment following initial heel contact where the peak represented the highest magnitude external joint moment occurring in each direction of each plane during approximately 1.8 sec time epoch following initial heel contact. External joint moment estimates were based on the mass and inertial characteristics of each lower extremity segment, linear and angular velocities, and accelerations and were calculated from ground reaction force and estimates of joint centers from kinematic data through a fullinverse dynamics model. 15 Marker data were filtered (Woltring routine; 5th order spline) prior to calculations of kinematic and kinetic data. For data analysis, positive values denoted flexion, adduction, and internal rotation moments in the sagittal, frontal, and transverse plane, respectively. Likewise, negative values denoted extension, abduction, and external rotation moments in the sagittal, frontal, and transverse planes, respectively. Moments were normalized to body mass and are presented as N⋅m/kg.
Statistical Analysis
A one-way, fixed effect MANOVA were used to compare 3-dimensional external joint moments between genders for each lower extremity joint: ankle, knee, and hip. We performed a total of six MANOVAs, one per joint for the average moment occurring at initial heel contact and one MANOVA per joint for the average peak moments occurring after heel contact. Univariate F-tests were used to determine specific gender differences among joint moments if appropriate. SPSS statistical package version 11.0 (SPSS Inc., Chicago, IL) was used for all analyses. An alpha level of P ≤ .05 was established a priori to denote statistically significant differences.
Results

External Joint Moments at Initial Heel Contact
A gender difference in external joint moments at initial foot contact was detected while considering multiple comparisons of external joint moments at the hip ( Table 1 . Females exhibited a significantly different frontal plane hip moment than men did. Males exhibited an adduction moment, whereas females exhibited an abduction moment at the hip. There were no other gender differences in hip joint moments at initial foot contact. 
Peak External Joint Moments Following Initial Contact
A gender difference in peak external joint moments following initial foot contact was detected while considering comparisons of multiple external joint moments at the hip (F 6,9 = 9.67, P = .002, η 2 = 0.87, 1-β = 0.99) but not at the knee (F 6,9 = 2.35, P = .12, η 2 = 0.61, 1-β = 0.51) or ankle (F 6,9 = 3.16, P = .06, η 2 = 0.68, 1-β = 0.65). Means and standard deviations of external joint moments following initial heel contact along with statistical test results are presented in Table 2 . The average peak hip extension moment and average hip internal rotation moment was significantly less in females than in males. There were no other gender differences in hip joint moments following initial foot contact.
We observed significant differences between males and females among peak lower extremity joint angles (F 6,9 = 4.55, P = .04, η 2 = 0.87, 1-β = 0.73) but not among angles measures at foot contact when considering multiple angle comparisons (F 6,9 = 2.59, P = .13, η 2 = 0.80, 1-β = 0.47). Specifically, female soccer athletes exhibited significantly more hip internal rotation (P = .02) and more knee adduction (P = .01) positioning during single leg landings (Tables 3 and 4) . 
Discussion
Gender differences in hip joint moments exist in soccer players while decelerating from a single leg, forward jump landing. The external moment describes a force that tends to bend a joint around an axis and thus must be resisted by forces that are equal in magnitude and opposite in direction to counterbalance and maintain equilibrium during movement. Therefore, in the context of the current study, a reduction in the magnitude of an external knee flexion moment during a single leg landing suggests less resistance by active and passive structures that would resist the tendency for knee flexion while decelerating from a single leg landing. 17 The knee extensors most likely provide primary resistance to an external knee flexor moment. Reduced external knee flexion moments have been observed in persons with quadriceps weakness and activation failure following knee surgery. [18] [19] [20] In the current study, males and females exhibited similar external ankle and knee joint moments at foot contact while performing single leg landings. This suggests that males and females are controlling knee and ankle joint torques in a similar manner at initial foot contact while landing from a jump; however, at the hip, females exhibited an abduction moment at initial foot contact, whereas males exhibited an adduction moment. This implies that on average, the net ground reaction force passed medial to the hip joint in males and lateral to the hip joint in females, in the frontal plane. A possible explanation is altered hip abductor muscle activity at the instant of initial foot contact while landing from a forward jump in females. The absence of an adductor moment at initial foot contact implies little activity of the hip abductors. Zazulak et al 21 reported less gluteus maximus EMG activity in female collegiate varsity athletes compared with male counterparts during single leg landings. However, Russell et al 9 reported no differences in gluteus medius activity during single leg between healthy male and females (physical activity level unknown). Although there are differences in the landing techniques examined among these studies, female athletes appear to exhibit differences in hip neuromuscular control while deceleration from single leg landings. This discussion point regarding less gluteal muscle activity in females is supported by EMG data collected from the current study subjects' lower extremity muscles during landings which are reported elsewhere. 22 Trunk position may also contribute to differences in external hip and knee joint moments at the instant of foot contact. We did not measure trunk position during landings in the current study; however, a previous study reported less lateral trunk flexion in female (Division I collegiate varsity) athletes compared with males while performing a single leg squat. 23 In addition, recent data suggests that trunk position error is predictive of knee injury risk in female athletes. 24 A lack of hip abductor strength may account for reduced hip adduction moments observed during gait in persons with severe knee osteoarthritis. 25 Hip abductor muscle weakness has been reported in female athletes 21, 26 and, theoretically, may lead to compensatory trunk positioning (similar to that commonly seen in Trendelenburg's gait. 27, 28 ) leading to a change in forces acting on the hips, knees, and ankles during activity. Likewise, the reduced peak hip internal rotation moment observed in females may be partly explained by less eccentric activity of the hip external rotators or by a more internally rotated position of the hip while landing. Rotated, forward flexed trunk position along with an adducted and internally rotated position of the hip is associated with noncontact ACL injury mechanisms 29 due to the valgus/ rotational forces at the knee stressing the ACL.
At initial contact, males and females exhibited similar magnitude adduction moment and adducted position of the knee. This finding disagrees with a previous finding 9 that females landed with greater valgus at initial contact and that males landed in with an abducted position of the knee at initial contact. This previous study did not report physical activity levels of participants; therefore, the homogenous study population selection used in the current study (elite, varsity Division I athletes) may account for the discrepancy in findings. Given that we did not observe gender differences in knee position or torque at initial contact, the frontal plane hip joint moment at initial contact in females (abduction moment compared with an adduction moment in males) may represent a neuromuscular landing strategy involving different hip joint contributions (ie, hip strategy) in uninjured elite level female soccer athletes. The statistical results from comparing average peak knee abduction and average peak knee adduction moments should be interpreted with caution. Due to the large effect sizes and suboptimal post hoc power estimates, it may be reasonable to interpret this difference as a trend ( Table 1 ). The eligible subject population was limited resulting in a small sample size (N = 16), which may account for suboptimal statistical power. The gender effect on frontal plane landing kinetics, while not statistically significant, may be clinically relevant. We observed significantly greater peak knee varus positioning (peak adduction angles) of the knee in females compared with males and similar knee valgus positioning (peak knee abduction) while landing from a forward jump (Table 4) . Further, females in the current study did not exhibit an external knee abduction moment (Table 1) , suggesting a strategy used by elite female soccer athletes that does not include external forces that may cause knee valgus (abduction) during landings. An external knee abduction moment will tend to abduct the knee (ie, push the knee into a more valgus position). 30 Likewise, an external adduction moment will tend to adduct the knee (ie, push the knee into more varus positioning). In a previous prospective study, 30 females who experienced ACL injury had higher magnitude external knee abduction moments compared with females who did not experience ACL injury. The knee kinetic and kinematic strategy used by females in the current study, while landing from a forward jump, may represent what is needed for a female to successfully compete in elite-level soccer, and most likely years of competitive athletics leading to the athletes' current level of competition without knee injury. Elite female soccer players who are injury free may have developed a hip and knee strategy (ie, mechanisms for controlling and attenuating impact forces associated with landing that involve the knee and hip joints) of neuromuscular control that is protective from knee ligament injury.
Females landing from a jump tend to collapse into hip adduction, internal rotation, and knee valgus, subsequently exposing the ACL to excessive loading. 29 This "position of no return" is recognized as a common mechanism of noncontact ACL injuries while performing rapid movements and decelerations, such as cutting and landing maneuvers common in sports as soccer, basketball, and volleyball. In the current study, we observed smaller-magnitude external hip internal rotation moment in females combined with significantly greater peak hip internal rotation angle. Given that females landed with less internal hip rotation (not significant) and experienced significantly greater peak hip internal rotation suggests poor transverse-plane hip motor control during landings. This may be due to poor eccentric control of the hip external rotator and hip abductor muscles during landings, which have been shown to be weaker in collegiate female athletes compared with male athletes. 26 Hip strength deficits in female athletes remains a concern for dynamic lower extremity joint stability during maneuvers that may cause knee joint injury.
Although we cannot verify the actual level of muscle activity of the hip rotators during landings, the possibility of reduced hip external rotator and hip abductor muscle activity may allow for more femoral internal rotation and adduction, resulting in more rotational and/or valgus forces at the knee during landing. Even though the subjects competed at several levels of competition without significant knee injury, the hip joint moments and positions exhibited in females participating in the current study resemble the forces and positions that have been reported as common, noncontact ACL injury mechanisms.
Gender differences in hip mechanics during walking 11 and running 12 suggest that the muscles of the hip may play a different role in males than in females when absorbing forces during gait. Decker et al 13 reported no gender differences in peak internal hip, knee, and ankle joint moments in recreationally active adults while performing a single leg 60 cm drop landing; however, males used the knee and hip joints as primary shock absorbers while the females used the knee and ankle as primary shock absorbers of the lower extremity. This suggests that females use the hip less to attenuate forces during single leg landings. Another study 12 reported similar peak hip joint moments between genders during running; however, females exhibited greater hip adduction and internal rotation angle and greater hip adduction angular velocity, suggesting different eccentric demand on the hip external rotators and abductors while stabilizing the pelvis during the stance phase of jogging gait. In the current study, an adduction moment at initial contact and higher peak hip internal rotation moment in males compared with females suggests more resistance to these moments by the hip abduction and external rotation muscles, respectively, which may more efficiently counteract hip adduction and internal rotation motion during landing, thereby reducing stresses on the knee. Leetun et al 26 reported a greater likelihood of lower extremity injury in persons who exhibited less hip external rotation and abduction strength, which was more common in females than in males. The underutilization of the hip musculature while attenuating impact forces during functional activities may help explain why females experience ACL injuries compared with males. We cannot conclude from these data whether females will tear their ACL more frequently; however, these data suggest the need for further research into the role that the hip plays in the gender bias in ACL injury rates during activity.
Peak external moments have been used to compare lower extremity kinetics during gait 11, 31 and during landings 32 between males and females; however, the peak moments presented in the current paper should be interpreted with caution since they are not presented in relation to time from initial foot contact. Since we recorded data for a longer period of time than typical deceleration times following single leg landings, we are not certain when all peak moments occurred relative to the "loading phase" of landing. Despite this potential limitation, peak moments provide important information about injury risk. In the current study, we evaluated for peak external joint moments for 1.8 seconds following heel contact. This time epoch was defined a posteriori. Previously, time to stabilization following a single leg landing was reported to occur on average 1.45 (SD 0.3) seconds following single leg landings in healthy subjects (mixed males and females). 33 In the current data set, we do not know how long it took for subjects to maintain stability as previously defined, 33 therefore we cannot comment on the relative timing of peak moments and dynamic stabilization. Since the subjects were instructed to maintain single leg balance after landing, a peak moment occurring later may represent torques necessary for both shock absorption and dynamic balance. Regardless of the task, the magnitude of peak moments occurring after foot contact indicate joint torques that may affect lower extremity joint static restraints such as cartilage and ligament.
In conclusion, gender differences in varsity soccer athletes' joint moments and angles while landing from a single-leg forward jump may arise from the hip. The data from this study can be used by clinicians and rehabilitation specialists to help supplement existing exercise programs for females who may be at risk for lower extremity injury due to weak hip abductor and external rotator muscles. The females who participated in this study may be using hip and knee strategies of neuromuscular control that have protected their knee joints through several years of high level soccer competition.
